INTRODUCTION
The boreal and western montane forests of North America experience large, lightning-caused crown fires, which reoccur in the lifetime of the post-fire generation of trees. This fire regime creates a mosaic of forest ages. The mosaic results from the overlapping of fires through time. Only the last fire is represented completely, the records of all preceding fires having been progressively reduced in area.
A map of this age-patch mosaic (the stand-origin map of Heinselman 1973 paper) of the time-since-fire distribution often show one or more breaks in slope (see Fig. 3 In this study a simple method of partitioning is used to recognize and separate the components of mixed fire frequencies in the Kananaskis River Watershed. The objective is to develop an empirical approach to determining the temporal and spatial differences in fire frequency. Further estimates are made of the spatial correlation of ages of contiguous patches to see if this is consistent with the hazard function estimated by the time-since-fire distribution. Finally, the fire frequency is synthesized with historical understanding of landuse and fire behavior and effects studies to give a fire regime for the lodgepole pine, Engelmann spruce, and subalpine fir forests of the Kananaskis River Watershed.
STUDY AREA
The study area is the 495-km2 Kananaskis River Watershed from Highwood Pass (Pocaterra Creek) and Smith-Dorrien Creek to Barrier Lake, 100 km west of Calgary, Alberta, in the Canadian Rockies (Fig. 1) 1981). The Kananaskis Watershed is n495 ki2, while the largest fire in the study is estimated to have burned <10i% of the study area.
Three steps were used in the creation of the standorigin map: aerial photographic identification of areas that appear to be of different fire ages, field sampling to gather data for fire-age determination and to delineate fire-age boundaries, and compilation of field and aerial photo information into a stand-origin map. The complete stand-origin map is not reproduced here because of its large size.
Aerial photo interpretation
Aerial photographs were used initially to demarcate what appeared to be fire boundaries. The detection of fire boundaries on aerial photographs depends on the differences in ages of stands on either side of the proposed boundary, recognizing differences in site quality, photographic scale, quality and film type, and interpretational experience. We had available 1:21 000 scale black and white infrared photos taken in 1957 and 1:15 000 Panchromatic photos taken in 1982.
Field sampling
The aerial photographs defined the first approximation of a stand-origin map. Next, >900 samples of -10 ha each were distributed in the field (see Fig. 1 ) to determine the fire dates of forest stands recognized on the aerial photos, to refine the fire boundaries, and to find and date patches not recognized on aerial photos. In each sample the fire history was reconstructed using all available and reliable evidence. Fire evidence consisted of fire scars, maximum tree ages, growth release in trees that survived fires, dendrochronologically crossdated fire-killed trees, and, in a few cases, fire reports. Care was taken in correctly identifying fire evidence and in replicating evidence of fire in a sample (McBride 1983).
Whole-tree disks were used in dating most fires. Increment cores and wedges do not allow the whole tree-ring circuit to be traced for locally missing rings. Locally missing rings were found particularly in old lodegepole pine. Crossdating (cf. Fritts 1976) was used in very old or dead trees and in ones which could not be replicated (Madany et al. 1982 ). The surface of disks or cores was first sanded with a mechanical sander and finished with either fine sandpaper or a razor blade.
Stand-origin map
The stand-origin map was created by transferring the fire dates and refined fire boundaries from samples and aerial photographs to a 1:50 000 topographic map using an Atterbury Port-a-Scope. Fire boundaries were related to recognizable landmarks visible on both the aerial photo and the map, to improve the accuracy of the photo-to-map transfer. Areas on the stand-origin map used in estimating the time-since-fire frequency A(t) were measured with a Zeiss MOP digitizer. Part of our stand-origin map was checked against a standorigin map done for Peter Lougheed Provincial Park (upper part of Kananaskis Watershed) by B. Hawkes (1979) .
Estimating the time-since-fire frequencies [A(t)] requires accurate measurements of the areas in the different fire ages on the stand-origin map. In flat terrain, simple planar area as measured directly off topographic maps are accurate measures of surface area. However, in mountainous terrain, planar area measurements may produce an underestimate of the actual sloping surface. This could be a serious problem if the study includes high-elevation areas as well as large areas of valley bottoms. In order to check this, we estimated the planar area and actual surface area (Monmonier et al. 1966) for the Peter Lougheed Provincial Park at the south end of the study area. The correlation between the planar and surface estimates was r = 0.99, significant at a = .01. Therefore, in this region, the planar area measurement method is not confounding the fire-frequency distribution.
Analysis of fire-frequency distribution
The Kananaskis fire history data were analyzed by: (1) grouping the data into 10-yr age classes, (2) dividing the time-since-fire distribution into spatial divisions, (3) plotting the values on Weibull probability or semilog graph (exponential probability) paper, and (4) further subdividing the plots in (3) into temporal divisions and again plotting the values. Steps 2-4 were repeated until a good fit was obtained.
The data were grouped into 10-yr age classes for two reasons. First, not all fire dates were equally reliable.
Stands that could only be dated from the oldest tree in the stand give only the date of earliest surviving recruitment, not necessarily the fire date. Second, larger fires tend to cause irregularities in the frequency data unless the study area is very large. Ten-year age classes are one way of smoothing the data.
Steps 2 to 4 of the analysis were graphic methods. These techniques were used because they are relatively simple and fast, and gave a clear assessment of how the analysis was progressing. If spatial differences and no temporal differences exist, a straight line will occur on Weibull or semilog graph paper, and a goodnessof-fit will confirm this (see next paragraph). If spatial differences and temporal differences exist, the analysis requires that first spatial divisions be tried; second, the temporal division technique be tried; and finally, a goodness-of-fit test be applied.
In accordance with the above sequence, first the standorigin map was divided into spatial divisions based on ideas in the fire behavior and ecology literature, e.g., elevation, aspect, stream order, and mountain ranges. Next, the whole Watershed's time-since-fire distribution was partitioned temporally. If the plot is a mixture of two or more ("multimodal") distributions, there will be sharp breaks in the line (see Fig. 3 ). The partitioning of this mixed fire frequency used the graphic method of Kao (1959) . The time-since-fire distribution was plotted on semilog paper. Starting at each end of the plot, a tangent line was drawn. These two lines represented the two new distributions. By tracing from the intersection of these two lines to the right, the percent of samples in each distribution could be read. By multiplying this by the total number of samples, the number of samples in each new distribution was determined. Each of these new distributions was then plotted as a cumulative percentage of their total to give the new distributions. Finally, graphically homogeneous distributions were produced. The parameter of the negative exponential model was estimated by maximum likelihood, although in this case they could have just as accurately been read off the graphs. Goodness of fit was tested using a WE test (Lee 1980:214) . The likelihood ratio test (Cox 1953 ) was used to compare the two distributions.
Analysis of spatial correlation
For each fire-age patch on the stand-origin map its age and the ages of all if its contiguous patches (i.e., when two patches share a common border) were recorded. The spatial correlations among the contiguous mosaics were calculated using Moran's I (cf. 
where L is the number of patches contiguous to patch i. Moran's I assumes topological invariance, i.e., the sizes and shapes of the patches are not considered in the correlation. The WE goodness-of-fit test (Lee 1980:214) found that each of the homogeneous time-since-fire distributions could not be rejected (a = .05) as having been drawn from an exponential distribution. Using the likelihood ratio test, the pairwise comparison of each of the temporal divisions was rejected at a = .05, i.e., the temporal divisions were significantly different.
RESULTS

Fig
Moran's I was 0.16, not significantly different from zero at a = .01. There were 362 patches, and no single patch accounted for more than 5% of the contiguousness. The histogram of the contiguous patches was normally distributed. to the present. From -1500 to -1700 the climate was warmer and drier, particularly during May and/or August and September. This could be the result of a larger number of blocking high-pressure systems, which would steer low-pressure systems around the Cordillera, reducing precipitation and leading to clearer and warmer weather. The westerly flow would, in this case, be highly amplified. From -1700 to the present the climate was generally cooler and wetter, perhaps resulting from more frequent low-pressure systems in the strong midtropospheric westerlies.
The good fit to a negative exponential of both timesince-fire distributions (Fig. 3B) suggests that the Watershed is without any consistent spatial variation. If there had been subunits within the Watershed, then this heterogeneity should have been evident in the timesince-fire plots just as was the temporal heterogeneity. Further, the negative exponential (c = 1) suggests that the hazard is constant with age. That is, whether an area burns is due to chance alone, not to its age or, as is often assumed, to its changing fuel loading with age. This assertion can be further tested.
If there was an aging process operating that affected the pattern of burn, one should see a pattern of ages in the contiguous mosaics of the stand-origin map. As far as the spatial autocorrelation coefficient Moran's I tests this, no correlation was found. Thus, past fires burning from younger or older stands did not stop, except as would be expected by chance, in younger or older stands. This result is consistent with the assertion of a constant hazard in the negative exponential firefrequency distribution. Further, it is also consistent with studies of fire-intensity (in kilowatts per metre) changes with age in coniferous forests (Van Wagner 1983).
The most direct evidence in support of the lack of any spatial pattern in fire frequency resulting from stand ages or topography differences comes from studies of the behavior of past fires and their vegetation effects. Fryer and Johnson (1988) found that the large fires that shape the age mosaic in the Kananaskis Watershed are related to a specific synoptic weather pattern that results in a similar set of fire behaviors. Before and during the fire, fuels are severely dried by the hot dry air of the high-pressure system. Large fires are associated with high pressures that persist for several weeks, often starting as early as late May and early June. Ignition is by lightning occuring either in fast-moving cold lows, which only temporarily displace the high pressure, or in convective storms. Although the fuel is quite dry, the rate of spread of the fire will be slow since high-pressure systems have little wind associated with them (Rex 1950 ). The high rates of spread in large fires occur during the transition between high-and low-pressure systems. During these relatively brief transitions wind speeds become very high and gusty, and fires have very high rates of spread. In the Kananaskis, rates of spread up to 5 km/h have been recorded, with spot fires starting 3-6 km in advance of the fire front (Fryer and Johnson 1988) .
The high winds and dry fuels lead to frontal fire intensities > 10 000 kW/m. Under these conditions fires can crown in all forest types. Higher elevations burn as easily as valley bottoms since, under the subsiding high-pressure system, the higher elevations are warmer and drier than lower elevations.
The high rates of spread and intensities mean that the fires are oriented by wind direction, wind speed, and major topographical features. Valleys upwind of or at right angles to the fire spread are often not burned. Consequently, depending on wind direction, small valleys may escape burning largely by accident, and unless the passes between larger valleys are aligned with the wind and fire direction the fire may be confined largely to a single large valley (Fryer and Johnson 1988) .
Patches of vegetation do escape individual fires, but in all cases examined in this and other studies (Pruden et al. 1986 , Johnson and Fryer 1987 , 1989 , Fryer and Johnson 1988 ) no surviving patches were found that had a consistently longer period between fires than adjacent areas that did burn. Surviving patches can only be examined by stand reconstruction methods (Johnson and Fryer 1989) for two fires into the past.
Finally, there is no indication in the fire-frequency distribution (Fig. 3) The most significant problem with this argument is that Indian-caused fires cannot be substantiated. It is hard to find well-documented evidence about why Indians would have caused fires as a part of their lifestyles. The same period of reduced fire occurrence also occurs in Glacier National Park, British Columbia, a region in which we believe there was no Indian utilization (Johnson et al. 1990 ).
CONCLUSION
Fundamental to determining landscape units that have different fire frequencies is the determination of homogeneous time-since-fire distributions. In this study we have proposed a simple empirical method for recognizing these homogeneous distributions. Through the use of this method, in conjunction with other studies of fire behavior and effects, we have reached an understanding of the fire frequency of the Kananaskis Watershed.
Regional climate as it affects fuel moisture and ignition probability seems to be the most useful variable in defining fire-frequency landscape units and understanding changes in fire frequency in the Kananaskis Watershed. The lack of spatial differentiation in fire frequency seems to result from the behavior of individual fires and the synoptic weather patterns under which these fires occur and spread. The fires that shaped the stand-origin map in this century-and for which we have some observations-were large (>2000 ha), had high rates of spread, and were mostly crown fires (> 7000 kW/m fire intensity). Low-intensity fires burned only small areas (<50 ha) and burned under marginal conditions. Large, high-intensity, high rate of spread fires in the life-span of the canopy trees shape the mosaic of ages on this landscape. The fires are controlled by climate, not stand age or fuel loading, and thus will be difficult, if not impossible, to suppress under certain weather conditions. ACKNOWLEDGMENTS
